Mixed-metal (Li, Al) amidoborane: synthesis and enhanced hydrogen storage properties
Introduction
In an effort to reduce global warming and the world's dependence on fossil fuels, there has been a strong push towards the so-called hydrogen economy, because hydrogen has the highest energy density of all, and more importantly, water is the only waste product when hydrogen is used in a fuel cell.
1 Both the generation and storage of hydrogen in sufficient quantities are very challenging problems that need to be overcome for hydrogen technology to be commercialized. Unfortunately, even aer several decades of intensive investigation, up to now, no single hydrogen storage material fullls all the essential application requirements, e.g., volumetric and gravimetric hydrogen capacities, handling pressure and temperature, and regeneration of dehydrogenated products.
Ammonia borane (BH 3 NH 3 , AB hereaer), with 19.6 wt% hydrogen capacity and good stability under ambient conditions, as well as recently demonstrated regenerability, 2 has been extensively investigated as a potential hydrogen storage candidate.
3 The relatively high temperature of hydrogen release (over 100 C), however, and the accompanying evolution of volatile by-products (i.e., ammonia, borazine, and diborane), together with its severe foaming and volume expansion during thermal decomposition, signicantly hinder the practical application of AB as a hydrogen storage material. To date, many efficient strategies have been adopted, such as nanoconne-ment using nanoscaffolds, 4 catalysis effects, 5 ionic liquid assistance, 6 the hydrolysis reaction, 7 and chemical modication of AB via replacing one of its H atoms with other alkali or alkaline earth elements to form metal amidoboranes, 8 to surmount the above-mentioned drawbacks. In particular, by dint of modifying the structure of AB, i.e., replacement of a protonic H atom linked with the N atom of AB with a metal cation to form a series of amidoboranes, the kinetics and thermodynamics of hydrogen release can be signicantly improved, along with effective suppression of volatile by-products. With respect to this methodology, a number of recent experimental and theoretical investigations have authenticated the correlation between the ionicity and size of metal cations and the nature of the NH 2 BH 3 À bonding in metal amidoboranes, and then determined their individual hydrogen release properties.
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In previous reports, studies were mainly focused on the single-metal amidoboranes, e.g., LiNH 2 BH 3 , 10 NaNH 2 BH 3 ,
11
KNH 2 BH 3 ,
12
Ca(NH 2 BH 3 ) 2 , 13, 14 Sr(NH 2 BH 3 ) 2 , 15 and Y(NH 2 BH 3 ) 3 , 16 which have been successfully synthesized through the reaction between ammonia borane and the relevant metal hydrides or halides. Although these single-metal amidoboranes exhibited superior hydrogen release properties relative to AB, almost all of them were a source of contamination due to the simultaneous release of ammonia with the hydrogen desorption, 11,13-17 which is a very important issue because a very small amount of ammonia (ppm level) poisons the catalysts for proton exchange membrane (PEM) fuel cells. Fortunately, a small number of mixed-metal amidoboranes, e.g., LiNa(NH 2 BH 3 ) 2 , 18 NaMg(NH 2 BH 3 ) 3 , 19 and Na 2 Mg(NH 2 BH 3 ) 4 , 20 have been discovered recently through the solid-phase reaction of ammonia borane with the corresponding mixed-metal hydrides, and these demonstrate that the combination of alkali and alkaline earth metals can effectively promote the reactivity of metal hydrides with AB. 8 Moreover, M 2 Mg(NH 2 BH 3 ) 4 (M ¼ Na and K) was also prepared by the mechanical reaction of Mg(NH 2 BH 3 ) 2 $NH 3 with MH. 21 The thermal stability of the amidoboranes can then be tuned towards favourable dehydrogenation properties. A noteworthy feature is that, due to the incorporation of other structurestabilizing ligands [NaNH 2 BH 3 ], the Mg(NH 2 BH 3 ) 2 moiety, which is structurally unstable according to a previous report, 22 is present in some of these mixed-metal amidoboranes, demonstrating the functions of dual-metal ions towards stabilization of unstable complex hydrides, as similarly observed in the synthesis of MZn(BH 4 ) 3 (M ¼ Li, Na), in which the coordination of alkali metals gives rise to the stabilization of Zn(BH 4 ) 2 under ambient conditions.
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Furthermore, signicantly improved hydrogen desorption properties were realized for the mixed-metal amidoboranes in comparison with the monometallic amidoboranes, e.g., complete suppression of ammonia was observed for NaMg(NH 2 BH 3 ) 3 , 19 while there is $15 mol% ammonia release for NaNH 2 BH 3 . Therefore, the incorporation of alkali metal ions affords an efficient strategy to stabilize amidoboranes which are thermodynamically unstable under ambient conditions, and meanwhile, offers superior hydrogen desorption properties compared with the single-metal amidoboranes.
Based on the above discussion, synthesis based on the milling-induced solid-phase reaction of Li 3 AlH 6 with ammonia borane was conducted in this study. This reaction leads to the formation of a mixed alkali metal (Li) and trivalent metal (Al) based metallic amidoborane, which has been proved to possess facile hydrogen release properties without emission of any byproducts. More importantly, the as-prepared mixed-metal (Li, Al) amidoborane was shown to be regenerated through treatment with hydrazine in liquid ammonia to some extent, exhibiting an inspiring breakthrough for amidoboranes as future energy carriers.
Experimental

Materials and synthesis
The starting materials, LiAlH 4 (97%), LiH (95%), and BH 3 NH 3 (97%), were purchased form Sigma-Aldrich and used in asreceived form without further purication. Samples of Li 3 AlH 6 were synthesized by mixing stoichiometric ratios (1 : 2) of LiAlH 4 and LiH powders via planetary ball milling (QM-1SP2, 400 rpm, ball to powder ratio of 30 : 1) for 24 h. 24 The mixed product was then loaded into a stainless steel tube under 80 atm H 2 atmosphere, and, in order to improve the purity of the synthesized Li 3 AlH 6 , the ball-milled products were heated with a ramp of 1 K min À1 to 150 C and annealed at 150 C overnight.
Combinations of Li 3 AlH 6 and BH 3 NH 3 with various molar ratios were ball milled in the planetary QM-1SP2 mill at 350 rpm under argon for 3 h, using stainless steel spheres with a ball-topowder weight ratio of 40 : 1. To reduce the heat effect during the ball-milling process, the mill was set to revolve for 30 min in one direction, pause for 30 min, and then revolve in the reverse direction. In the control experiment, mixtures of LiAlH 4 and AB were ball milled under identical conditions with different molar ratios. All sample handling was performed in a Ar-lled glove box due to the extreme air-sensitivity of the hydrides.
Regeneration
The regeneration process was similar to the procedure in a previous report: 2a in a typical case, the dehydrogenated composites ($100 mg) aer heating to 400 C were suspended in liquid ammonia ($30 mL) at 0 C in a stainless steel reaction vessel with an internal volume of 75 mL. Hydrazine was acquired from hydrazine sulfate located on dense stainless nets, which were inserted at the top of the stainless steel vessel and used to prevent hydrazine sulfate contamination of the regenerated products. Subsequently, the reaction vessel was sealed and heated to a constant temperature of 40 C for 3 days, and aer that, the vessel was vacuum-dried to remove the residual ammonia for $12 h, with the remnant of the regenerated products on the bottom.
Characterization
Simultaneous thermogravimetric analysis (TGA, Netzsch STA 449C) and mass spectrometry (MS, Hidden HPR 20) were simultaneously applied to survey the hydrogen release properties, using a heating rate of 2 C min À1 under dynamic nitrogen with a purge rate of 50 mL min À1 . Differential scanning calorimetry (DSC) was performed on a TA Q2000, USA, using a heating rate of 2 C min À1 , with highly pure N 2 as the purge gas.
Temperature-programmed desorption (TPD) was also conducted to determine the decomposition behavior of the samples under heating on a semi-automatic Sievert's apparatus connected to the reactor containing the sample ($0.1 g) under 1 atm nitrogen, using a heating rate of 2 C min À1 . Powder X-ray diffraction (XRD, Rigaku D/max 2400) measurements were performed to conrm the phase structure using Cu Ka radiation. Samples were mounted on a glass board in an Ar-lled glove box and then sealed with an airtight hood composed of an amorphous membrane in order to avoid oxidation during XRD measurement. High-resolution X-ray diffraction data were collected by a Mythen-II detector with a wavelength of 0.825Å at the Powder Diffraction Beamline, Australian Synchrotron. The sample was loaded into a pre-dried 0.7 mm boron-silica glass capillary, and then, the capillary was sealed with vacuum grease in a glove box lled with argon. In order to identify the phase transformations during decomposition, time-resolved in situ measurements were conducted using a Cyberstar hot-air blower 3 Results and discussion
Phase/structure analysis
The mixed-metal amidoborane composites were prepared by directly ball milling different molar ratios (1 : 4, 1 : 5, and 1 : 6) of lithium hexahydridoaluminate (Li 3 AlH 6 ) with ammonia borane (NH 3 BH 3 , AB), and further characterized by powder Xray diffraction (XRD), as shown in Fig. 1 and S1 in the ESI. † According to the high-resolution XRD results ( Fig. 1) for the ball-milled Li 3 AlH 6 and AB with a molar ratio of 1 : 4, the peaks pertinent to the pristine Li 3 AlH 6 and AB precursors have disappeared, and meanwhile, a new set of strong peaks have appeared, suggesting the formation of new crystalline phases from the milling-induced solid-phase interaction. In addition, with different molar ratios of the raw materials, except for the peaks belonging to residual AB due to increased AB content in the composites, identical peak positions were observed, indicative of the formation of the same phase, owing to the reaction between Li 3 AlH 6 and AB. Further evidence for the occurrence of the reaction was given by the phenomenon that during the ballmilling process, a gradual pressure increase was detected due to the release of hydrogen, which was subsequently certied as the 4 . Unfortunately, attempts to index the crystal structure of the as-prepared product from the HRXRD pattern failed in the present work, probably due to the poor crystallinity and the possible formation of the mixed-phase of metallic amidoboranes induced during the mechanical preparation process. Apparently, the affinity of H dÀ in Li 3 AlH 6 and H d+ in NH 3 of AB is one of the main driving forces for this solid-phase reaction, accompanied by the release of H 2 , comparable to the mechanism for the formation of other metallic amidoboranes.
10-15,18-20
In order to acquire better information on the reaction products derived from Li 3 AlH 6 and AB, chemical bonds of the samples were detected by solid-state 11 B NMR and FTIR spectra. The 11 B NMR results ( Fig. 2 ) exhibit the dominant BH 3 resonance centered at À26.3 ppm from neat AB in accordance with previous reports, 25 while the resonance for the BH 3 group shis downeld to around À20.1 ppm in the post-milled Li 3 AlH 6 -4AB sample, similar to the trends for the previously reported metallic amidoboranes, due to the incorporation of metal cations with higher electron densities, leading to the formation of stronger donor complexes with borane. 10a,19,26 Moreover, the fact that only one principal peak is observed for the thussynthesized product from the mechanically milled Li 3 AlH 6 -4AB suggests the same chemical environment for all the boron sites. Additionally, with increasing amounts of AB in the raw B NMR spectra of the as-prepared Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites, including pure AB for comparison. materials, the line width for the resonance of the BH 3 moiety is broadened, instead of splitting into two peaks attributable to the thus-synthesized mixed-metal amidoborane and the residual AB, respectively, due to the relatively low resolution of solid-state NMR spectra. Furthermore, the resonance for the mobile phase of AB, 25, 27 which has a high reactivity compared to its parent AB, was also observed as a shoulder on the primary peak belonging to the as-prepared mixed-metal amidoborane for the sample with a molar ratio of AB : Li 3 AlH 6 ¼ 6 : 1, indirectly demonstrating the partial reaction between Li 3 AlH 6 and AB rather than the complete consumption of H dÀ in Li 3 AlH 6 during the reaction process. 20 Analogous to the NMR results, aer replacing H d+ in NH 3 of AB by metal cations, signicant bonding structure changes were observed in the FTIR spectra of the resultant products in comparison with their raw substrates, i.e., Li 3 AlH 6 and AB. The FTIR results (Fig. 3) show that identical peaks were observed for all the thus-prepared samples, even though there were different molar ratios of Li 3 AlH 6 to AB. The peak positions of the N-H and B-H bonds at around 3150-3350 cm À1 and 2200-2400 cm À1 , respectively, in stretching modes are comparable with those of pure ammonia borane, while the peaks of the bending modes for N-H bonds and B-H bonds are split into two peaks and three peaks, respectively, indicating the complexity of the bonding structure, as well as the reduced structural symmetry of the as-prepared compounds compared with AB, which is also observed for other monometallic amidoboranes 16, 17 and NaMg(NH 2 BH 3 ) 3 . 19 In addition, the peak at around 864 cm À1 assigned to the bending mode of the LiAl-H bond was present, 28 providing further evidence for the validity of the incomplete depletion of H atoms when Li 3 AlH 6 reacts with AB during the ball-milling process. Interestingly, a weak band at around 618 cm À1 , attributed to the stretching mode of the Al-N bond, is present in all the postmilled samples, which directly conrms the interaction between Li 3 AlH 6 and AB during ball milling, leading to substitution for hydridic hydrogen by the NH 2 BH 3 À group to form the mixed-metal amidoborane. Moreover, the strong band at 1380 cm À1 corresponds to the combination of B-N stretching and Al-N stretching resonances. The increase in the relative intensity of this peak aer ball milling compared with other peaks may be attributed to the formation of Al-N bonds due to the reaction of Li 3 AlH 6 with AB. With reference to the reaction of LiAlH 4 with ammonium halides, 29 e.g., NH 4 Cl, accompanied by violent hydrogen release resulting from the combination of 3 equiv. Al-H bonds and 3 equiv. N-H bonds, the reaction of LiAlH 4 with AB has been attempted in an effort to synthesize lithium aluminum amidoboranes. However, attempts to conduct this reaction have failed due to the signicant release of boric byproducts (i.e., diborane and borazine) together with hydrogen desorption, even during a hand milling process, resulting in the formation of amorphous products and Al (Fig. S2 †) . Therefore, the incorporation of LiH into LiAlH 4 , i.e., the formation of Li 3 AlH 6 , plays an important role in stabilizing the reaction between Al-H bonds and N-H bonds, indicating the crucial functionality of the alkali metal in tuning the reactivity of metal hydrides with AB.
Hydrogen desorption properties
For comparison with AB, the thermal decomposition performances of the post-milled Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) were investigated by employing mass spectrometry (MS), and the results are shown in Fig. 4 and S3. † The effective suppression of boric impurities during the decomposition of ammonia borane, i.e., borazine and diborane, was successfully achieved in the asprepared Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites. Moreover, the evolution of ammonia was reduced to levels below the detection threshold of mass spectrometry in the cases of the Li 3 AlH 6 -nAB (n ¼ 4 and 5) composites, and only a slight amount of ammonia was released for the Li 3 AlH 6 -6AB composite, indicating signicantly improved hydrogen release purity for the Li 3 AlH 6 -nAB composites in comparison with the neat AB. Additionally, compared with the dehydrogenation of neat AB with only two dominant peaks at around 118 C and 160 C,
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multiple hydrogen release peaks appear during the decomposition of the Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites, which are similar to the hydrogen release process of other reported metallic amidoboranes, 10c,15-20 suggesting distinct mechanisms for the thermolysis process causing hydrogen desorption. Specically, Li 3 AlH 6 -4AB starts to release hydrogen at around 82 C, with a two-step dehydrogenation process that peaks at 99.7 C and 148.9 C, respectively, much lower than that for pure AB. In the case of the Li 3 AlH 6 -5AB composite, the onset hydrogen release temperature further decreases to around 56 C, approximately 26 C and 49 C lower than for the Li 3 AlH 6 -4AB and the neat AB ($105 C for BH 3 NH 3 ), respectively.
Meanwhile, the rst hydrogen evolution peak is reduced to Fig. 3 FTIR spectra of the as-prepared Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites, including spectra of pristine AB and as-prepared Li 3 AlH 6 for comparison.
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C, a remarkable decrease, even in comparison with lithium amidoborane ($91 C for LiNH 2 BH 3 ), while the second hydrogen evolution peak is centered at 108.1 C. Thereaer, multiple hydrogen release peaks are present in the temperature range from 120 C to 180 C, illustrating its complicated decomposition mechanism. Comparable results were also observed for the post-milled Li 3 AlH 6 -AB composite with a molar ratio of 1 : 6, with the rst hydrogen release peak at 72.4 C and a following broad peak at temperatures from 180 C to 240 C. Some evolution of ammonia was identied, however, during the dehydrocoupling process ranging from 67 C to 132 C. Moreover, it is noteworthy that the as-synthesized Li 3 AlH 6 -nAB composites are free from volume expansion, which is one of the major problems suffered by AB during hydrogen desorption. As per the above-mentioned results, Li 3 AlH 6 -nAB composites exhibit substantially enhanced hydrogen release properties compared with pure ammonia borane, including the effective suppression of volatile boric impurities and much lower hydrogen release temperatures. Thermogravimetric analysis (TGA) combined with volumetric temperature programmed desorption (TPD) measurements were subsequently performed to quantitatively identify the capacity and purity of hydrogen release from the Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites. As shown in Fig. 5 , Li 3 AlH 6 -4AB presents a two-step decomposition, with 3.85 wt% weight loss for the rst step in the region of 80-110 C and 6.25 wt% for the second step from 110 C to 175 C, in good correspondence with the volumetric results ($3.25 equiv. and $5.3 equiv. for the rst and second dehydrogenation steps, respectively), demonstrating the release of hydrogen with high purity, as indicated in the MS spectra. This result indicates the superior effects of the as-prepared mixed-metal (Li, Al) amidoborane on suppressing ammonia release compared with other dual-metal amidoboranes. [18] [19] [20] With regard to the Li 3 AlH 6 -5AB composite, the total weight loss is around 12 wt% over the whole decomposition, corresponding to 12 equiv. H 2 , which is also consistent with the volumetric results ($12.32 equiv.), again conrming the release of high-purity hydrogen in this composite. Thus far, multiple volatile by-products due to the decomposition of residual ammonia borane can be effectively suppressed by the presence of the thus-synthesized mixed-metal amidoborane in a theoretical molar ratio of 1 : 1. By contrast, the TGA results for the Li 3 AlH 6 -6AB sample give a weight loss of 13.6 wt%, corresponding to approximately 15.7 equiv. H 2 , while only 14.27 equiv. gas is evolved according to the volumetric results, suggesting the presence of by-products during the dehydrogenation process, i.e., ammonia, as detected by the MS spectra. Given that ammonia is the only by-product in conjunction with the dehydrogenation during its decomposition, on the basis of the TGA and volumetric results, the H 2 content evolved during decomposition of Li 3 AlH 6 -6AB composite was calculated to be 98.7 mol% (89.7 wt%), reecting the fact that the thus-synthesized mixed-metal amidoborane not only exhibits superior hydrogen release properties, but also plays an important role in suppressing the release of volatile side products during the decomposition of residual ammonia borane, e.g., ammonia, borazine, and diborane. Insights into the dehydrogenation kinetics of Li 3 AlH 6 -nAB composites were gained by applying the volumetric desorption measurements at different temperatures. As displayed in Fig. 6 , with increasing operating temperature, faster kinetics is yielded for the Li 3 AlH 6 -nAB composites. Li 3 AlH 6 -4AB released 4 wt% hydrogen at 90 C and 4.2 wt% hydrogen at 100 C within 100 min. Upon further elevating the temperature to 120 C and 130 C, hydrogen capacities of $7 wt% and 9.3 wt% can be reached, respectively, in 200 min, aer a drastic hydrogen evolution within several minutes. In the case of Li 3 AlH 6 -5AB, enhanced hydrogen release kinetics was present above 90 C compared with the Li 3 AlH 6 -4AB. In particular, at 120 C, around 8 wt% hydrogen was released within only 45 min. With respect to the Li 3 AlH 6 -6AB, further improved dynamic performance was exhibited, especially at relatively low operating temperatures in comparison with the Li 3 AlH 6 -5AB. For instance, 5 wt%, 6 wt%, and 7 wt% hydrogen evolution could be accomplished at temperatures of 80 C, 90 C, and 110 C within 200 min, respectively, which are around 1 wt% higher than for Li 3 AlH 6 -5AB under the same conditions. For a quantitative evaluation of the kinetic properties related to hydrogen release, the apparent activation energies were calculated from various isothermal dehydrogenation results via linear Arrhenius plots of ln k, where k is the rate constant, as a function of 1/T. Fig. 6(d) 
Decomposition mechanism
Because the hydrogen release for this system is mainly due to the combination of hydridic hydrogen with protonic hydrogen, i.e., H d+ linked to the N atom with H dÀ linked to the B or Al atom, the decomposition of the Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites is determined to be exothermic as conrmed by the DSC results (Fig. 7) , which are similar to the behaviour of other metallic amidoboranes. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In particular, upon decomposition, Li 3 AlH 6 -4AB exhibits a small exothermic peak at around 57 C, which is proposed to be the reaction of residual Li 3 AlH 6 ( Fig. 1 ) with ammonia borane, and then a major hydrogen release peak at around 100 C, followed by some small peaks in the region of 116-150 C, consistent with the hydrogen release results from the mass spectra. With the aim of unravelling the relatively intricate decomposition mechanism for the Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites according to the MS results, in situ highresolution X-ray diffraction was performed to survey the phase transformation during decomposition of the thus-synthesized mixed-metal amidoborane during heating. As shown in adducted with AB, which mainly accounts for the accelerated formation of branched polyaminoborane and hydrogen release, with the generation of AlH 3 and LiH as intermediate compounds. However, the post-milled mixtures of Li 3 AlH 6 and AB in the present work exhibit a signicantly different mechanism from the physical mixture of Li 3 AlH 6 and AB, as no intermediate compounds, e.g., LiH and AlH 3 , were detected in the in situ XRD results for the decomposition of the composite with a molar ratio of 1 : 4, and the XRD results for the dehydrogenated products identify no formation of metallic Al ( Fig. 8 and S4 †). The distinct pathway for hydrogen release may originate from the fact that temperature is an important factor for both the interaction between Li 3 AlH 6 and AB and the subsequent decomposition, due to their exothermic nature. With respect to Li 3 AlH 6 -5AB and Li 3 AlH 6 -6AB, exothermic peaks for hydrogen release at temperatures comparable with the MS results for hydrogen evolution were also detected. By contrast, compared with the post-milled Li 3 AlH 6 -4AB sample, due to the presence of residual AB of the mobile phase in the raw materials for the Li 3 AlH 6 -nAB (n ¼ 5 and 6) composites (Fig. 2) , the onset dehydrogenation temperature from the n ¼ 5 and 6 composites lowered to around 56 C, and the hydrogen release peaks appeared before the onset hydrogen release temperature of the post-milled Li 3 AlH 6 -4AB sample, as demonstrated by the MS and TGA results. XRD patterns of the Li 3 AlH 6 -nAB (n ¼ 5 and 6) composites aer heating to 90 C are presented in Fig. S5 † so that the phase transformation due to the presence of residual AB originating from hydrogen desorption at temperatures below 90 C can be ascertained.
Interestingly, the diffraction peaks of the thus-synthesized mixed-metal amidoborane can still be clearly identied in the post-heated samples, although with weakened identity, and the peaks indexed to residual AB have disappeared, providing direct evidence for the participation of surplus AB of the mobile phase in the hydrogen desorption at temperatures ranging from 56 to 90 C. In addition, based on the TGA and TPD results, more than 2 equiv. H 2 , which is the theoretically releasable hydrogen capacity below 200 C, 10a was detached. Therefore, the hydrogen release below 90 C is possibly derived from not only the decomposition of residual AB, but also the cooperative mechanism of AB with the as-synthesized mixed-metal amidoborane.
The interaction of amidoboranes with AB, although in the room temperature phase, is also evidenced by the decomposition of the LiNH 2 BH 3 $NH 3 BH 3 system, leading to signicantly improved hydrogen release properties due to the combination of N-H bonds with B-H bonds between the LiNH 2 BH 3 moiety and the BH 3 NH 3 moiety, which forms polyaminoborane-like products of an amorphous nature. 30 The synergistic effects of the interaction of AB with LiNH 2 BH 3 is free of any induction period, which is attributed to the disruption of dihydrogen bonds and the slow formation of [NH 3 BH 2 NH 3 ]
which is surmised to be a key reactive species for H 2 liberation from AB. 32 It is believed that the reaction of the as-synthesized mixed-metal amidoborane with the mobile phase of AB resembles the interaction of LiNH 2 BH 3 with AB, resulting in improved hydrogen release properties with the formation of amorphous products and the preservation of residual mixedmetal amidoborane, as indicated in the XRD patterns (Fig. S5 †) . Furthermore, due to the decrease and/or weakening of dihydrogen bonds in the mobile AB phase, 27 which results in higher reactivity relative to the room temperature phase of AB, the energy barrier for the combination of N-H bonds with B-H bonds between metallic amidoborane and AB in the mobile phase is reduced. It, therefore, gives rise to lower onset and peak temperature of hydrogen release for the post-milled Li 3 AlH 6 -nAB (n ¼ 5 and 6) composites compared with LiNH 2 BH 3 $NH 3 BH 3 , 30 in which the reaction of LiNH 2 BH 3 with the room temperature phase of AB leads to the release of hydrogen. In addition, it should be noted that, as indicated from MS and DSC results, the participation of the AB in the mobile phase in the decomposition of the thus-synthesized mixed-metal amidoborane results in a more intricate dehydrogenation pathway for the post-milled Li 3 AlH 6 -nAB (n ¼ 5 and 6) composites compared with the Li 3 AlH 6 -4AB sample. Obviously, similar to the decomposition mechanism of other metallic amidoboranes, the dihydrogen bonding network and the metal ion assisted hydride transfer are of signicant importance for the substantially improved hydrogen release properties compared with ammonia borane. tandem with the fact that most N-H stretches disappeared from the FTIR spectra in the post-heated samples, which are reminiscent of the dehydrogenated products of other amidoboranes, 10-20 further demonstrating that the combination of hydridic H d+ and protonic H dÀ in general accounts for the hydrogen desorption from Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites. Interestingly, the presence of an unsaturated boron structure offers signicant potential for the regeneration of hydrogen-depleted composites using hydrazine as the reductant in liquid ammonia. 2a In addition to that, a principal signal at À41 ppm, corresponding to the BH 4 À moiety in the NMR spectra, and B-H stretches in the FTIR spectra are present in the dehydrogenated samples, while no peaks indexed to metal borohydrides are present in the XRD results, indicating the amorphous state of the thus-formed borohydrides. Similar phenomena were observed in the products from the decomposition of lithium amidoborane. 
Regeneration
The practical application of Li 3 AlH 6 -nAB composites lies not only in the hydrogen desorption performance, but also in the hydrogenation conditions of the spent fuel. Efforts to restore the spent fuels were impractical via direct solid-gas reaction, however, due to the exothermicity of the hydrogen release reaction. On the other hand, inspired by recent advances in efficient regeneration of AB from the highly unsaturated sp 2 -hybridized boron structure in polyborazylene, which is the predominant environment for boron aer dehydrogenation to 350 C for Li 3 AlH 6 -nAB composites, as shown in Fig. 9 , chemical hydrogenation, by treating the decomposed products with hydrazine as the reductant in liquid ammonia, was attempted.
To prove the feasibility of this method, rstly, solid-state 11 B NMR spectra were employed to detect the environmental changes experienced by boron in the regenerated products. From the NMR results (Fig. 10) , it can be seen that, aer regeneration of the dehydrogenated Li 3 AlH 6 -nAB composites, a broad peak belonging to NBH 3 , which was also present in the original samples (Fig. 2) , appears. Nevertheless, the presence of unreacted sp 2 -hybridized boron and the BN 3 H analogue conrms the partial transformation of the unsaturated boron structure to the NBH 3 analogue species under the reducing action of hydrazine in liquid ammonia. By contrast with the dehydrogenated products, the intensity ratio between the relative downeld region (centered at 20.1 ppm in the dehydrogenated products and 18.7 ppm in the regenerated products) and the relative upeld region (centered at À2.4 ppm in the dehydrogenated products and À3.3 ppm in the regenerated products) was reduced for the regenerated sample, suggesting that the more unsaturated boron structure there is, the more readily it is hydrogenated. This is mainly attributed to the fact that the position of the peak in the downeld region more closely resembles that of the polyborazylene from the decomposition of AB at $26 ppm. 33 Moreover, in comparison with the resonance of the freshly ball-milled counterparts, the regions of the NBH 3 resonance for the regenerated composites are substantially broader, indicating that more complicated environments for boron may exist in the regenerated samples. Furthermore, FTIR (Fig. 11 ) was employed to monitor the bonding changes in the regenerated products. Strong peaks pertinent to the characteristic resonance of B-H bonds, corresponding to the distinct peaks of BH 4 and BH 3 fragments in the NMR spectra, were obtained. However, only weak peaks for N-H bonds were observed at the identical positions, suggesting that there are similar chemical environments for N-H bonds aer regeneration. Based on the mechanism for hydrogenation from polyborazylene to ammonia borane, the BH 3 moiety is rst formed by combination with residual N 2 H 4 , and then replaced by NH 3 , leading to the formation of AB.
2a In contrast to AB, in which the BH 3 from the BN 3 or BN 3 H groups reduced by hydrazine during the process of reduction of decomposed Li 3 AlH 6 -nAB composite, substitution is more difficult, probably due to the presence of metal cations, which may interact with the resultant polymeric BN 3 or BN 3 H from dehydrogenation leading to strengthened B-N bonds compared with pure B NMR spectra of Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites after regeneration from the spent fuels.
polyborazylene formed from the decomposition of ammonia borane. Therefore, the chemical regeneration of the spent fuel from Li 3 AlH 6 -nAB composites upon treatment with hydrazine in liquid ammonia gives rise to partial regeneration in comparison with the 95% yield for the regeneration of AB from polyborazylene. Additionally, with increasing AB content in the raw materials, the intensity of the N-H bonds in the related products aer regeneration increases, suggesting that more N-H bonds are present. It is worth noting that, due to the presence of excess AB in the Li 3 AlH 6 -nAB (n ¼ 5 and 6) composites, the possible regeneration of the NH 3 group in AB may partially account for the presence of some N-H bonds in the related products aer regeneration.
Further evidence for the successful regeneration of the dehydrogenated Li 3 AlH 6 -nAB composites was obtained by employing MS spectra and volumetric measurements. Impressively, hydrogen is the exclusive product detectable by MS from the regeneration products (Fig. 12) , even for the regenerated Li 3 AlH 6 -6AB sample, in which the decomposition of the freshly milled composite shows ammonia as a by-product coupled with the main release of hydrogen, as displayed in Fig. 4 . Moreover, in contrast to the as-milled samples, all the regenerated composites start to release hydrogen at approximately 70 C, with the rst peak centered at around the same temperature of 128 C, which is a little higher than the freshly ball-milled composites. This resemblance is probably due to their comparable H environments, connected to B and N, as indicated by the FTIR and NMR spectra for the samples aer regeneration. According to the TPD results ( Fig. 13) , all the regenerated Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites show a dehydrogenation capacity of around 3.5 wt%, corresponding to an approximate 35%, 30%, and 26% regeneration yield for the post-milled Li 3 AlH 6 -nAB composites with n ¼ 4, 5, and 6, respectively. Due to the partial regeneration of unsaturated B-N bonds and formation of stable BH 4 groups during decomposition, the second dehydrogenation capacity of the regenerated Li 3 AlH 6 -6AB was decreased to less than 1.5 wt% (Fig. S6 †) , only accounting for around 11% regeneration yield.
From Fig. 12 and 13 , it can be seen that the samples aer hydrogenation exhibit various traits, with distinct two-step dehydrogenation for the regenerated Li 3 AlH 6 -nAB (n ¼ 4, and 5) composites, while the regenerated Li 3 AlH 6 -6AB shows superior dehydrogenation kinetics at relatively lower temperatures. According to the IR spectra, the N-H bond content in the regenerated products increases with increasing content of ammonia borane, consequently leading to an excess of B-H bonds in the regenerated samples from Li 3 AlH 6 -nAB (n ¼ 4 and 5) composites in comparison with Li 3 AlH 6 -6AB, in which the decomposition accounts for the 2 nd step hydrogen desorption upon further heating. This can be further conrmed by the disappearance of N-H bonds in the rehydrogenated samples from the Li 3 AlH 6 -4AB composite aer heating to 250 C and the presence of weakened B-H bonds due to their consumption in the reaction with N-H bonds, as shown in Fig. S7 . † Indeed, even aer dehydrogenation to 400 C, B-H bonds are still present, Fig. 11 FTIR spectra of Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites after regeneration from the spent fuels. Fig. 12 MS spectra of the Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites after regeneration from the spent fuels. Fig. 13 TPD results for the decomposition of Li 3 AlH 6 -nAB (n ¼ 4, 5, and 6) composites after regeneration from the spent fuels.
